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Abstract Nanoﬂuids are a new class of ﬂuids engineered
by dispersing nanometer-size structures (particles, ﬁbers,
tubes, droplets) in base ﬂuids. The very essence of nano-
ﬂuids research and development is to enhance ﬂuid mac-
roscopic and megascale properties such as thermal
conductivity through manipulating microscopic physics
(structures, properties and activities). Therefore, the suc-
cess of nanoﬂuid technology depends very much on how
well we can address issues like effective means of micro-
scale manipulation, interplays among physics at different
scales and optimization of microscale physics for the
optimal megascale properties. In this work, we take heat-
conduction nanoﬂuids as examples to review methodolo-
gies available to effectively tackle these key but difﬁcult
problems and identify the future research needs as well.
The reviewed techniques include nanoﬂuids synthesis
through liquid-phase chemical reactions in continuous-ﬂow
microﬂuidic microreactors, scaling-up by the volume
averaging and constructal design with the constructal the-
ory. The identiﬁed areas of future research contain
microﬂuidic nanoﬂuids, thermal waves and constructal
nanoﬂuids.
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Introduction
Nanoﬂuids, ﬂuid suspensions of nanometer-sized particles,
have recently been demonstrated to have thermal con-
ductivities far superior to that of the liquid alone [1–4].
This and their other distinctive features offer unprece-
dented potential for many applications in various ﬁelds
including energy, bio and pharmaceutical industry, and
chemical, electronic, environmental, material, medical and
thermal engineering [1–17]. State-of-the-art expositions of
major advances on the synthesis, characterization and
application of nanoﬂuids are available, for example, in [1–
3, 16–19].
Nanoﬂuids are research challenges of rare potential but
daunting difﬁculty. The potential comes from both scien-
tiﬁc and practical opportunities in many ﬁelds. The difﬁ-
culty reﬂects the issues related to multiscales. Nanoﬂuids
involve at least four relevant scales: the molecular scale,
the microscale, the macroscale and the megascale. The
molecular scale is characterized by the mean free path
between molecular collisions, the microscale by the
smallest scale at which the law of continuum mechanics
apply, the macroscale by the smallest scale at which a set
of averaged properties of concern can be deﬁned and the
megascale by the length scale corresponding to the domain
of interest [20, 21]. By their very nature, research and
engineering practice in nanoﬂuids are to enhance ﬂuid
macroscale and megascale properties through manipulating
microscale physics (structures, properties and activities).
Therefore, interest should focus on addressing questions
like: (1) how to effectively manipulate at microscale, (2)
what are the interplays among physics at different scales
and (3) how to optimize microscale physics for the optimal
megascale properties. In this work, we summarize meth-
odologies available to effectively address these central
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Microscale Manipulation
The ability to manipulate at microscale depends very much
on nanoﬂuids synthesis techniques. Nanoﬂuids have been
synthesized by either a two-step approach that ﬁrst gener-
ates nanoparticles and subsequently disperses them into
base ﬂuids [1–3, 15–18] or a one-step physical method that
simultaneously makes and disperses the nanoparticles into
base ﬂuids [22–26]. An advantage of the two-step method
is that the inert gas condensation technique has already
been scaled up to commercial nano-powder production
[27]. Because of this and the ease with which the particle
concentration and size distribution can be manipulated,
most of the experimental investigations have used the two-
step method [1–3, 15–18]. A deﬁciency of the two-step
technique is particles’ agglomeration during storage and
dispersion in the base ﬂuids, as a result of their high sur-
face-to-volume ratio. Such agglomerates, in most cases,
negate the unique properties associated with nanoparticles
and nanoﬂuids [1–3, 15–18]. Changing the nanoﬂuids’ PH
value, adding surfactants or a suitable surface activator, or
using ultrasonic or microwave vibration have been used
with the two-step method to prevent nanoparticles from
agglomerating [1–3, 15–18]. However, typically it is rare to
maintain so-synthesized nanoﬂuids in a homogeneous sta-
ble state for more that 24 h [2].
To prevent oxidation of metallic particles, a one-step
technique is preferable for synthesizing nanoﬂuids con-
taining metal particles. The one-step physical method
developed in [22, 23] involves nanoparticle source evap-
oration and direct condensation and dispersion into a
ﬂowing base ﬂuid in a vacuum chamber. The method has
been successfully used to synthesize nanoﬂuids of Cu
particles in ethylene glycol with small copper nanoparticles
(about 10 nm) and high thermal conductivity enhancement
(about 40% at the particle volume concentration of 0.3%)
[23]. Another one-step physical method (the submerged arc
nanoparticle synthesis system; SANSS) has also been used
to synthesize nanoﬂuids of TiO2 particles in deionized
water [24], CuO particles in deionized water [25] and Cu
particles in the mixture of deionized water and ethylene
glycol [26]. With the SANSS, the nanoﬂuids are generated
by vaporizing the solid material by the submerged arc and
condensing into the base liquid in a vacuum chamber.
Although these one-step physical methods are capable of
synthesizing nanoﬂuids with different nanostructures, they
would be difﬁcult to scale-up mainly because of their high
cost and their demand for a vacuum.
In addition to the challenge of how to effectively pre-
vent nanoparticles from agglomerating or aggregating, the
key issue in either of these two approaches is the lack of
effective means for synthesizing nanoﬂuids with control-
lable microstructures due to either the limitation of avail-
able nanoparticle powers in the two-step method or the
limitation of the system used in the single-step physical
method. In an attempt to develop more effective tech-
niques, a one-step chemical solution method has been
recently developed [16, 28–32]. The strength of the solu-
tion chemistry for synthesizing nanoﬂuids lies in its ability
to manipulate atoms and molecules in the liquid phase,
thereby providing a powerful arsenal for synthesis of tailor-
designed nanoﬂuids using a bottom-up approach [16, 28].
Figure 1 shows the ﬂow chart of the chemical solution
method (CSM) [16, 28]. The reaction between Reactants A
(e.g., Cu
2?) and B (e.g., OH
-) in the liquid phase yields the
solution or colloid containing the precursor C (e.g.,
Cu(OH)2). The additives (e.g., ammonium citrate or ce-
tyltrimethyl ammonium bromide) are then added into the
solution/colloid. Finally, the solution/colloid of the pre-
cursor C transforms into nanoﬂuid D (e.g., CuO-particles-
in-water) under ultrasonic or/and microwave irradiation.
Precursor C normally exists in the form of solution or
colloid and is not, in general, the nanoparticle in the
nanoﬂuid D. Its solution or colloid can directly transform
into the required nanoﬂuids with the help of additives and
external ﬁelds such as ultrasonic and microwave irradia-
tion. Both the additives and the external ﬁelds are used to
prevent nanoparticles from agglomeration and growth and
thus control nanoﬂuid microstructures.
The method has been successfully applied to produce
nine kinds of nanoﬂuids in Fig. 2 [16, 28–32]. The nano-
ﬂuids synthesized by this method have both higher con-
ductivity enhancement and better stability than those
produced by the other methods. This method is distin-
guished from the others also by its controllability. The
nanoﬂuid microstructure can be varied and manipulated by
Fig. 1 Chemical solution
method (CSM) for synthesis of
nanoﬂuids: ﬂow chart
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ity, ultrasonic and microwave irradiation, types and con-
centrations of reactants and additives, and the order in
which the additives are added to the solution [16, 28].
Problems with the CSM come mainly from the macro-
scale batch reactors where reactions take place:
• The CSM uses a bottom-up approach to generate
nanoparticles through chemical reactions in the liquid
phase, and thereby it has the potential to manipulate
atoms and molecules. However, the difﬁculty of
controlling the microscale while operating at the
macroscale is insuperable.
• Mixing in a macro-scale batch reactor is usually
achieved by stirring. In this case, the ﬂuid entity is
broken into fragments by circular motion. The last part
of mixing takes place based on molecular diffusion. In
the diffusion process, the mixing time t depends on the
diffusion path d in the form of t   d
2/D, where D is the
diffusion coefﬁcient. Therefore, if the diffusion path
becomes smaller, the mixing time becomes shorter.
However, it is very difﬁcult to make small-sized
fragments by conventional stirring in solution phase.
At the macroscale, therefore, mixing time is usually
much larger than reaction time. The reaction rate is
normally determined by the mixing time and is usually
very low (reaction time: minutes–hours). Moreover, the
longer mixing time and lack of effective ways to
accurately control mixing also lead to poor product
selectivity of competitive reactions either in parallel or
in consecutive, thereby leading to poor quality of
synthesized nanoﬂuids that could contain some unde-
sired side products.
• Generally, the heat generation rate in reaction increases
in proportion to the reactor volume. Because the heat of
reaction is removed through the wall of the reactor, the
wall-surface-area/reactor-volume ratio, which decreases
with the increasing reactor size, plays a crucial role.
Therefore, heat removal capacity is also a key issue for
highly exothermic and extremely fast reactions in
macroreactors.
• Because of high labor and work-up demand, a batch-
model operation is not commercially economical. The
repeatability of nanoﬂuids’ structures is also poor with
the batch-model operation.
To resolve these critical issues, the batch-based mac-
roreactors in the CSM can be replaced by continuous-ﬂow
microﬂuidic microreactors, for example, those in Fig. 3
[16, 33–35]. This allows a continuous and scalable (simply
by numbering-up) synthesis of high-quality nanoﬂuids with
a more accurate and effective control over particle micro-
structures such as the size, distribution and shape. Mic-
roreactors exhibit numerous practical advantages,
including safety, easy modulation and numbering-up for
industrial production, when compared with traditional
macroreactors. It is also advantageous that the reactions
can be controlled more accurately through efﬁcient mixing,
enhanced reaction/product selectivity and effective mass
and heat transfer, due to short diffusion paths and high
surface-to-volume ratios at the microscale. Running the
one-step chemical process in a continuous mode would not
only increase its commercial viability, but also improve its
repeatability signiﬁcantly. Growth of nanoparticles directly
in the base ﬂuids through chemical reactions enables us to
manipulate atoms and molecules in the liquid phase,
thereby providing a powerful arsenal for synthesis of tailor-
designed nanoﬂuids using a bottom-up approach [16].
Mixing has a decisive inﬂuence on the heat transfer,
mass transfer, yield and selectivity of a reaction. Shrinking
the reactor size to the microscale reduces the diffusion
length between the reactant ﬂuids, thus enhancing the
mixing by molecular diffusion. The mixing by convection
at the microscale is, however, weak because typically ﬂow
in microchannels is laminar with Reynolds numbers well
below the threshold for turbulence. Transverse secondary
Fig. 2 TEM/SEM images of
some nanoparticles from
‘‘drying’’ samples of nanoﬂuids
synthesized by the chemical
solution method [16, 28–32]( a
CePO4 nanoﬁbers; b octahedral
Cu2O nanoparticles; c N-
vinylcaprolactam polymer-
nanoparticles; d spherical Fe3O4
nanoparticles; e elliptic Cu
nanorods; f needle-like CuO
nanoparticles; g hollow CuS
nanoparticles; h hollow and
wrinkled Cu2O nanoparticles; i
Cu2O(core)/CuS(shell)
nanoparticles)
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rienced by ﬂuids traveling along a curved trajectory and
continuously expand interfacial area between reagent
streams through stretching, folding and breakup pro-
cesses—offer an attractive possibility of providing
enhanced mixing in an easily fabricated planar format by
simply introducing curvature to the ﬂow path. Expansion
vortices or direct collision of slit ﬂuid streams can also be
generated by manipulating the geometrical structure of
curved channels, and hence further enhance the mixing.
Figure 3 shows three types of microreactors that are made
of planar and smooth-walled curved microchannels on the
one hand and have a rapid laminar-ﬂow mixing on the
other hand.
All three kinds of microreactors consist of several units
of curved microchannels connected in series (three, four
and ﬁve, respectively, in Fig. 3a–c for illustration and
example). The unit in Fig. 3a–c is the spiral microchannel
having an inlet and outlet spiral connected by a central S-
shaped channel, the modiﬁed Tesla structure containing
two modiﬁed Tesla microchannels in opposite directions
and the semicircular arc involving an abrupt width increase
over the last quarter, respectively. These microreactors can
have a very rapid mixing between reactant ﬂuids due to
both the short diffusion length and the centrifugal-force-
driven transverse secondary ﬂow in curved microchannels
[36–41]. The mixing is also further enhanced by the direct
collision of slit ﬂuid streams in the Tesla structure (Fig. 3b)
and by the expansion vortices that arise in the horizontal
plane due to an abrupt increase in the channel width
(Fig. 3c) [42, 43].
The centrifugal-force-driven transverse secondary ﬂow
becomes stronger following increases in the channel cur-
vature ratio r deﬁned by r = w/R (w and R are the channel
width and the curvature radius, respectively) and the Dean
number deﬁned by De ¼ Re
ﬃﬃﬃ
r
p
(Re is the Reynolds
number) [36–38]. The mixing performance thus becomes
better as the Re increases for all three microreactors in
Fig. 3, with consequently all working well as high-Re (Re
[100) reactors. The ﬁrst two types of microreactors
(Fig. 3a, b) also work well as the low-Re (Re\10) and the
intermediate-Re (10\ Re \100) reactors [39, 40, 43],
respectively, due to a very high curvature ratio r used in
the inner region of spiral microchannels in Fig. 3a and the
ﬂuid-stream direct collision in Fig. 3b.
In this microﬂuidic approach for nanoﬂuids synthesis,
solutions of the two reagents are injected as steady streams
into a microﬂuidic channel at initial point (s = 0) where
the reaction between them starts (t = 0). Here, s and t are
the distance and time, respectively. As their mixture ﬂows
at a constant velocity v, the reaction time is linearly related
to the spatial distance by t = s/v. Interactions of multiple
chemical reactions in time could thus be controlled simply
by varying ﬂow velocities and by creating a network of
converging and diverging channels for carrying reaction
mixtures. Therefore, this approach offers simple means for
controlling many chemical reactions, including when each
reaction starts, for how long each reaction evolves before it
is separated or combined with other reactions, and when
each reaction is quenched.
Droplets and slugs formed within microﬂuidic channels
can also serve as microreactors in the CSM for nanoﬂuids
( a )                  ( b )  
(c) 
Fig. 3 Three kinds of
microﬂuidic reactors (a three
spiral-microchannel units; b
four modiﬁed-Tesla-structure
units; c ﬁve semicircular-arc
units)
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systems [16]. In the ﬁrst type (Fig. 4), discrete droplets are
formed at the T-junction and are encapsulated by a dis-
persing liquid that wets the microchannel. These droplets
form the dispersed phase in which the reaction between
Reactants A (e.g., phosphoric acid H3PO4) and B (e.g.,
cerium nitrate Ce(NO3)3) occurs in the liquid phase. After
separating the dispersing liquid in the separator, we can
obtain nanoﬂuids (e.g., suspensions of cerium phosphate
(CePO4) nanoﬁbers in water, Fig. 2a). In the second type
(Fig. 5), liquid slugs are separated by discrete gas bubbles
generated at the T-junction of microﬂuidic channels.
Reactions occur within the slugs that form the continuous
phase. The nanoﬂuids are collected after separating the gas
bubbles in the separator. The ﬁrst type differs from the
second type in that reagents in droplets do not come into
contact with the microchannel wall.
The additional advantage of compartmentalizing reac-
tions in droplets or slugs of femoliter to microliter includes
the enhanced mixing from the internal recirculation within
the droplets or slugs [43–46] and enhanced controllability
of reactions due to the simplicity and accuracy in manip-
ulating microﬂuidic droplets, bubbles and slugs in various
ways [43–47]. For example, the ability to split and fuse
individual droplets improves simplicity with which the
reagent volume and concentrations can be controlled
precisely.
Figure 6a shows the photos of some microﬂuidic Cu2O
nanoﬂuids 24 h after their preparation [34], with the
enhanced stability, highly monodispersed particles and
reduced particle size compared with those synthesized by
the CSM [31]. The particle shape can also be designed with
this type of synthesis method. Figure 6b illustrates some
ﬂower-shaped Cu2O particles that are difﬁcult to form by
the other methods [34].
Therefore, microstructures of microﬂuidic nanoﬂuids
(the nanoﬂuids synthesized through liquid-phase chemical
reactions in microﬂuidic systems) can be precisely con-
trolled by reagent ﬂuid properties, system geometrical
properties and ﬂuid dynamical parameters such as ﬂow
rates. Intensiﬁed future effort is required to deﬁne the
potential of this promising synthesis technique against an
important target of controlling reactions accurately with a
rapid and precise mixing. Speciﬁcally, the research focus
should be on the correlations between nanoﬂuids micro-
structures and controlling parameters of ﬂuid physical/
chemical/dynamical properties and microﬂuidic geometri-
cal features.
Macroscale Heat Conduction
A relatively intensiﬁed effort has been made on deter-
mining nanoﬂuid thermal conductivity from experiments,
particularly for the nanoﬂuids with spherical nanoparticles
or nanotubes. While the data from these experiments have
enabled some trends to be identiﬁed, there is still no con-
sensus on the effects of some parameters such as particle
size, shape, distribution and additives in the nanoﬂuids [1–
3, 15–19, 28, 29]. There also exist wide discrepancies and
inconsistencies in the reported conductivity data due to a
limited understanding of the precise nature of heat con-
duction in nanoﬂuids, the poor microstructure character-
ization and the unavailability of nanoﬂuids with various
(a) 
(b) 
Fig. 4 Nanoﬂuids’ synthesis by compartmentalizing chemical reac-
tions in microﬂuidic droplets: a microﬂuidic system; b microﬂuidic
droplets
(a) 
(b) 
Fig. 5 Nanoﬂuids’ synthesis by compartmentalizing chemical reac-
tions in microﬂuidic slugs mediated by gas bubbles: a microﬂuidic
system; b microﬂuidic slugs mediated by gas bubbles
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123microstructures [1–3, 15–19, 28, 29]. In many cases, the
microstructural parameters were not measured by the
experimenters themselves but rather taken from the powder
manufacturers’ nominal information. To reconcile these
discrepancies and inconsistencies and to lay the founda-
tions for better and more efﬁcient designs of nanoﬂuids, it
is essential to generate nanoﬂuids of various microstruc-
tures, characterize their microstructures by state-of-the-art
instrumentation and develop precise heat-conduction
model for nanoﬂuids [16, 28].
Suggested microscopic reasons for experimental ﬁnding
of signiﬁcant conductivity enhancement include the nano-
particle Brownian motion effect [48–53], the liquid layer-
ing effect at the liquid–particle interface [54–59], and the
nanoparticle cluster/aggregate effect [60, 61]. As generally
accepted [1–3, 15–19, 62–67], however, no conclusive
explanation is available. Often, the explanation by one
research group is confronted by others. There is also a lack
of agreement between experimental results and between
theoretical models. The fact that the conductivity
enhancement comes from the presence of nanoparticles has
directed research efforts nearly exclusively toward thermal
transport at nanoscale. The classical heat conduction
equation has been postulated as the macroscale model but
without adequate justiﬁcation. Thermal conductivity is a
macroscale phenomenological characterization of heat
conduction and the conductivity measurements are not
performed at the nanoscale, but rather at the macroscale.
Therefore, interest should focus not only on what happens
at the nanoscale but also on how the presence of nano-
particles affects the heat transport at macroscale.
In an attempt to isolate the mechanism responsible for
the signiﬁcant enhancement of thermal conductivity, a
macroscale heat conduction model in nanoﬂuids has been
recently developed from ﬁrst principles [16, 20, 28, 68].
The model was obtained by scaling-up a microscale model
for heat conduction in nanoparticles and in base ﬂuids. The
approach for scaling-up is the volume averaging with help
of multiscale theorems [20, 69]. The microscale model for
the heat conduction in the nanoparticles and in the base
ﬂuids comes from the ﬁrst law of thermodynamics and the
Fourier law of heat conduction. The result shows that the
Fig. 6 Microﬂuidic Cu2O
particles-in-water nanoﬂuids
24 h after their preparation [34]:
a stable nanoﬂuid samples; b
SEM images of ﬂower-shaped
Cu2O particles
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heat conduction in nanoﬂuids at macroscale with a poten-
tial of higher thermal conductivity. Here, we ﬁrst summa-
rize the development of this theory, then examine the
macroscale manifestation of microscale physics, and ﬁnally
identify the future research needs.
Microscale Heat-Conduction Models
The microscale model for heat conduction in nanoﬂuids is
well known. It consists of the ﬁeld equation and the con-
stitutive equation. The ﬁeld equation comes from the ﬁrst
law of thermodynamics. The commonly used constitutive
equation is the Fourier law of heat conduction for the
relation between the temperature gradient rT and the heat
ﬂux density vector q [70].
Consider heat conduction in nanoﬂuids with the base
ﬂuid and the nanoparticle denoted by b- and r-phases,
respectively. By the ﬁrst law of thermodynamics and the
Fourier law of heat conduction, we have the microscale
model for heat conduction in nanoﬂuids (Fig. 7)
ðqcÞb
oTb
ot
¼r ð kbrTbÞ; in the b-phase ð1Þ
ðqcÞr
oTr
ot
¼r ð krrTrÞ; in the r-phase ð2Þ
Tb ¼ Tr; at the b-r interface Abr ð3Þ
nbr   kbrTb ¼ nbr   krrTr; at the b-r interface Abr ð4Þ
Here, T is the temperature. q, c and k are the density,
speciﬁc heat and thermal conductivity, respectively. Sub-
scripts b and r refer to the b- and r-phases, respectively.
Abr represents the area of the b–r interface; nbr is the
outward-directed surface normal from the b-phase toward
the r-phase, and nbr =- nrb (Fig. 7).
Macroscale Heat-Conduction Models
A macroscale model equivalent to the microscale behavior
can be readily obtained by the method of volume averaging
[20, 69]. Consider a representative elementary volume
(REV) in Fig. 7, the smallest differential volume resulting
in statistically meaningful local average properties. Aver-
aging Eqs. 1–4 over REV and applying the multiscale
theorems [20] yield the macroscale model of heat con-
duction [16, 20, 28, 68]:
cb
o Tb
   b
ot
¼r  Kbb  r Tb
   bþKbr  rTr hi
r
no
þ hat Tr hi
r  Tb
   b   
; ð5Þ
and
cr
o Tr hi
r
ot
¼r  Krr  rTr hi
rþKrb  r Tb
   b no
  hat Tr hi
r  Tb
   b   
; ð6Þ
where
Tb
   b¼
1
Vb
Z
Vb
TbdV; ð7Þ
and
Tr hi
r¼
1
Vr
Z
Vr
TrdV: ð8Þ
Vb and Vr are the volumes of b- and r-phases in REV,
respectively. cb = (1 - u)(qc)b and cr = u(qc)r are the
b-phase and r-phase effective thermal capacities,
respectively. u is the volume fraction of the r—phase
deﬁned by u = Vr/VREV (VREV is the volume of REV). h
and at come from modeling of the interfacial ﬂux and
are the ﬁlm heat transfer coefﬁcient and the interfacial
area per unit volume, respectively [16, 20, 68]. Kbb, Krr,
Kbr and Krb are the effective thermal conductivity
tensors, and the coupled thermal conductivity tensors are
equal
Kbr ¼ Krb: ð9Þ
When the system is isotropic and the physical properties
of the two phases are constant, Eqs. 5 and 6 reduce to
cb
o Tb
   b
ot
¼ kbbD Tb
   bþkbr D Tr hi
rþhat Tr hi
r  Tb
   b   
ð10Þ
and
cr
o Tr hi
r
ot
¼ krrD Tr hi
rþkrb D Tb
   b hat Tr hi
r  Tb
   b   
ð11Þ
where kbb and krr are the effective thermal conductivities
of the b- and r-phases, respectively, and kbr = krb is the
cross effective thermal conductivity of the two phases. Fig. 7 Nanoﬂuids and representative elementary volume (REV)
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Rewrite Eqs. 10 and 11 in their operator form
cb
o
ot   kbb D þ hat  kbr D   hat
 kbr D   hat cr
o
ot   krr D þ hat
  
Tb
   b
Tr hi
r
  
¼ 0:
ð12Þ
We then obtain an uncoupled form by evaluating the
operator determinant such that
cb
o
ot
  kbb D þ hat
  
cr
o
ot
  krr D þ hat
    
  kbr D þ hat
   2i
Ti hi
i¼ 0
ð13Þ
where the index i can take b or r. Its explicit form reads,
after dividing by hat(cb ? cr)
o Ti hi
i
ot
þ sq
o
2 Ti hi
i
ot2 ¼ a D Ti hi
iþasT
o
ot
D Ti hi
i   
þ
a
k
Fðr;tÞþsq
oFðr;tÞ
ot
  
ð14Þ
where
sq ¼
cbcr
hatðcb þ crÞ
; sT ¼
cbkrr þ crkbb
hatðkbb þ krr þ 2kbrÞ
;
k ¼ kbb þ krr þ 2kbr; a ¼
kbb þ krr þ 2kbr
cb þ cr
;
Fðr; tÞþsq
oFðr; tÞ
ot
¼
k2
br   kbbkrr
hat
D
2 Ti hi
i :
ð15Þ
This canberegarded asadual-phase-lagging(DPL)heat-
conduction equation with ðk2
br   kbbkrrÞ
.
ðhavÞ
  
D
2 Ti hi
i
as the DPL source-related term Fðr; tÞþsq
oFðr; tÞ
ot and with
sqandsTasthephaselagsoftheheatﬂuxandthetemperature
gradient,respectively[68,71].Here,Fðr;tÞisthevolumetric
heat source. k, qc and a are the effective thermal
conductivity, capacity and diffusivity of nanoﬂuids,
respectively. The dual-phase-lagging heat-conduction
equation originates from the ﬁrst law of thermodynamics
and the dual-phase-lagging constitutive relation of heat ﬂux
density [68, 71]. It is developed in examining energy
transport involving high-rate heating in which the non-
equilibrium thermodynamic transition and the microstruc-
turaleffectbecomeimportantassociatedwithashorteningof
the response time [68, 71]. Therefore, the presence of
nanoparticles shifts the Fourier heat conduction in the base
ﬂuid into the dual-phase-lagging heat conduction in
nanoﬂuids at the macroscale. This ﬁnding is signiﬁcant
because all results regarding dual-phase-lagging heat
conduction can thus be applied to study heat conduction in
nanoﬂuids.
The presence of nanoparticles gives rise to variations of
thermal capacity, conductivity and diffusivity, which are
given by, in terms of ratios over those of the base ﬂuid,
qc
ðqcÞb
¼ð 1   uÞþu
ðqcÞr
ðqcÞb
; ð16Þ
k
kb
¼
kbb þ krr þ 2kbr
kb
; ð17Þ
a
ab
¼
k
kb
ðqcÞb
qc
: ð18Þ
Therefore, qc/(qc)b depends only on the volume fraction
of nanoparticles and the nanoparticle–ﬂuid capacity ratio.
However, both k/kb and a/ab are affected by the geometry,
property and dynamic process of nanoparticle–ﬂuid
interfaces. This dependency causes the most difﬁculty
because it is the least precisely known feature of a
nanoﬂuid. The future research effort should thus focus on
ðkbb þ krr þ 2kbrÞ
 
kb to develop predicting models of
thermal conductivity for nanoﬂuids. Consider
sT
sq
¼ 1 þ
c2
bkrr þ c2
rkbb   2cbcrkbr
cbcrðkbb þ krr þ 2kbrÞ
: ð19Þ
It can be large, equal or smaller than 1 depending on the
sign of c2
bkrr þ c2
rkbb   2cbcrkbr. Therefore, by the
condition for the existence of thermal waves that requires
sT/sq\1[ 68, 72], we may have thermal waves in
nanoﬂuid heat conduction when
c2
bkrr þ c2
rkbb   2cbcrkbr ¼ cb
ﬃﬃﬃﬃﬃﬃﬃ
krr
p
  cr
ﬃﬃﬃﬃﬃﬃﬃ
kbb
p    2
þ 2cbcrð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kbbkrr
p
  kbrÞ\0:
ð20Þ
A necessary (but not sufﬁcient) condition for Eq. 20 is
kbr [
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kbbkrr
p
. Note also that for heat conduction in
nanoﬂuids, there is a time-dependent source term Fðr;tÞ in
the dual-phase-lagging heat conduction (Eqs. 14 and 15).
Therefore, the resonance can also occur. These thermal
waves and possibly resonance are believed to be the
driving force for the conductivity enhancement. When
kbr = 0 so that sT/sq is always larger than 1, thermal waves
and resonance would not appear. The coupled conductive
terms in Eqs. 10 and 11 are thus responsible for thermal
waves and resonance in nanoﬂuid heat conduction. It is
also interesting to note that although each sq and sT is hat
dependent, the ratio sT/sq is not. Therefore, the evaluation
of sT/sq will be much simpler than sq or sT.
Addition of 4% of Al2O3 particles was reported to
increase thermal conductivity by a factor of 8% [73], while
CuO particles at the same volume fraction enhance the
conductivity by about 12% [15]. This is interesting because
conductivity of CuO is less than that of Al2O3. The thermal
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enhancement k/kb equals to (kbb ? 2kbr ? krr)/kb
(Eq. 17), which are strongly affected by nanoﬂuids
microstructures and interfacial properties/processes of
nanoparticle–ﬂuid interfaces.
Therefore, the molecular physics and the microscale
physics (interactions between nanoparticles and base ﬂu-
ids at the microscale in particular) manifest themselves as
heat diffusion and thermal waves at the macroscale,
respectively. Their overall macroscopic manifestation
shifts the Fourier heat conduction in the base ﬂuid into the
dual-phase-lagging heat conduction in nanoﬂuids. When
sT/sq\1, thermal waves dominant and Eq. 14 is of a
hyperbolic type [68]. When sT/sq C 1, however, heat
diffusion dominants and Eq. 14 is parabolic [68].
Depending on factors like material properties of nano-
particles and base ﬂuids, nanoparticles’ geometrical
structure and their distribution in the base ﬂuids, and
interfacial properties and dynamic processes on particle–
ﬂuid interfaces, the heat diffusion and thermal waves may
either enhance or counteract each other. Consequently, the
heat conduction may be enhanced or weakened by the
presence of nanoparticles. Table 1 lists the conductivity
ratio k/kb from experiments. Here, k and kb are the thermal
conductivity of the nanoﬂuid and the base ﬂuid, respec-
tively. It shows that: (1) the interaction between the heat
diffusion and the thermal waves can either upgrade or
downgrade ﬂuid conductivity by the presence of higher-
conductivity nanoparticles, and (2) extraordinary water
conductivity enhancement (up to 153%) can be achievable
by the presence of lower-conductivity oil droplets due to
strong thermal waves. The reported strong thermal con-
ductivity enhancement beyond that from the higher value
of suspended nanoparticles in [23, 75–79] is also the
evidence of such thermal waves.
The immediate and intensive efforts should thus focus
on: (1) solving the three closure problems in [16] ana-
lytically and numerically for unit cells with various
microscale physics to ﬁnd the correlation between the
microscale physics and the nanoﬂuid macroscale proper-
ties (effective thermal conductivity, effective thermal
diffusivity, phase lag of the heat ﬂux sq and phase lag of
the temperature gradient sT); (2) studying the dual-phase-
lagging heat conduction equation Eq. 14 analytically and
numerically for various nanoﬂuids systems to ﬁnd prop-
erties of thermal waves and how they interact with the
heat diffusion. Focused experiments in these areas are also
in great demand for experimentally conﬁrming the ana-
lytical/numerical ﬁndings. Such studies, together with the
development of microﬂuidic nanoﬂuids should lead to
methodologies of controlling nanoﬂuids macroscale
properties through manipulating their microscale physics,
a signiﬁcant step forward toward creating nanoﬂuids by
design.
The ﬁrst of Type-(1) work has recently been made in
[80, 81], showing that the macroscale model works very
well and uncovering some important features regarding
the model itself and the microstructure–conductivity
correlation. For nanoﬂuids consisting of in-line arrays of
perfectly dispersed two-dimensional circular, square or
hollow particles, for example, the heat conduction is
diffusion-dominant so that the effective thermal conduc-
tivity can be predicted adequately by the mixture rule
with the effect of particle shape and particle–ﬂuid con-
ductivity ratio incorporated into its empirical parameter
[80]. Thermal waves appear more likely at smaller par-
ticle–ﬂuid conductivity ratio and lower particle volume
fraction, a result that agrees with the experimentally
observed signiﬁcant conductivity enhancement in the oil-
in-water emulsion [28, 74]. The computed thermal con-
ductivity predicts some experimental data in the literature
very well and shows the sensitivity to the surface-to-
volume ratio [80]. The simulation results in [81] show
that the radius of gyration and the non-dimensional par-
ticle–ﬂuid interfacial area are two important parameters
in characterizing the geometrical structure of nanoparti-
cles. A non-uniform particle size is found to be unfa-
vorable for the conductivity enhancement, while particle
aggregation beneﬁts the enhancement especially when the
radius of gyration of aggregates is large [81]. Without
considering the interfacial thermal resistance, larger non-
dimensional particle–ﬂuid interfacial area between the
base ﬂuid and the nanoparticles is also desirable for
enhancing thermal conductivity [81]. The nanoﬂuids with
nanoparticles of connected cross-shape show a much
higher (lower) effective thermal conductivity when par-
ticle–ﬂuid conductivity ratio is larger (smaller) than 1
[81].
Table 1 Measured conductivity ratio k/kb of some nanoﬂuids (k:
nanoﬂuid thermal conductivity; kb: base-ﬂuid thermal conductivity)
Nanoﬂuids k/kb
CePO4 nanoﬁbers in water [28, 32] 0.67–1.54
Cu2O spherical particles in water [31] 0.83–1.24
Cu2O octahedral particles in water [31] 0.89–1.24
CuS/Cu2S hollow spherical particles in water [30] 0.85–1.18
CuS/Cu2S core–shell spherical particles in water [30] 0.82–1.21
1 vol% Alumina nanorods (80 9 10 nm) in water [67] 0.92–1.18
1 vol% Alumina nanorods (80 9 10 nm) in
Polyalphaoleﬁns lubricant (PAO) ? surfactant [67]
0.91–1.10
0.001 vol% Gold nanoparticles (20–30 nm) in water
[67]
0.91–1.11
0.86 vol% Mn–Zn ferrite (12.9 nm) in water [67] 0.92–1.09
Corn oil droplets in water [74] 0.755–2.39
Olive oil droplets in water [28] 0.636–2.533
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In the ﬁeld of nanoﬂuid heat conduction, efforts have been
nearly exclusively on correlating thermal conductivity of
nanoﬂuids with their microscale physics, as a fundamental
step of searching for optimal thermal conductivity [1–3, 16–
19]. The attention to system megascale properties has been
very limited. However, practical applications of nanoﬂuids
as the heat-conduction ﬂuids often have a different ultimate
aim such as minimization of system highest temperature
and minimization of system overall thermal resistance.
Therefore, interest should focus not only on optimizing
nanoﬂuid macroscale properties but also on designing
nanoﬂuids for the best system performance at megascale.
By its very nature, the microstructural optimization for
the best system performance at the megascale ﬁts well into
the inverse problem in mathematics and the downscaling
problem in multiscale science [20]. Both are of funda-
mental importance but daunting difﬁculty with no effective
method available to resolve them at present. By following
the constructal theory [82–84], a constructal approach has
been recently developed in [16, 85–88], which converts the
inverse problem into a forward one by ﬁrst specifying a
type of microstructures and then optimizing system per-
formance with respect to the available freedom within the
speciﬁed type of microstructures and enables us to ﬁnd the
constructal microstructure (the best for the optimal system
performance within the speciﬁed type of microstructures).
The approach has also been applied to make a constructal
design for some fundamental heat conduction systems of
nanoﬂuids with two pre-speciﬁed types of microstructures:
(1) dispersed conﬁguration in which nanoparticles are well
dispersed in the base ﬂuid [85, 86], and (2) tree conﬁgu-
ration in which nanoparticles form tree structures in the
base ﬂuid as high-conductivity channels for the heat ﬂow
[87, 88]. The former is commonly used in the nanoﬂuid
ﬁeld; the latter is mostly found in nature for its small ﬂow
resistance. The constructal nanoﬂuids that maximize the
system performance are not necessarily the ones with
uniformly dispersed particles in base ﬂuids [85, 86]. The
constructal nanoﬂuids with the tree conﬁguration can nor-
mally offer signiﬁcantly smaller constructal overall resis-
tance than the dispersed conﬁguration [87]. The constructal
nanoﬂuids with the tree conﬁguration have also some
universal features of independent of: (1) some details of
speciﬁed tree conﬁguration, (2) ﬂuid and particle properties
and (3) particle overall volume fraction [88].
Therefore, the future effort is in great demand to con-
struct nanoﬂuids with respect to available freedoms for
various systems of practical applications. Such studies will
inspire the development of microﬂuidic nanoﬂuids through
constantly providing information regarding new nanoﬂuids
required.
Concluding Remarks
Nanoﬂuids are a very important area of emerging tech-
nology and are playing an increasingly important role in
the continuing advances of nanotechnology and biotech-
nology worldwide. They have enormously exciting poten-
tial applications and may revolutionize the ﬁeld of heat
transfer. With powerful microﬂuidic technology, scaling-
up techniques, thermal-wave theory and constructal theory,
research and engineering practice in nanoﬂuids is entering
a new era. On one side is great opportunity because these
technologies empower us to address the central questions
of nanoﬂuid research and development such as effective
means of microscale manipulation, interplays among
physics at different scales and optimization of microscale
physics for the optimal megascale properties. On the other
side is greater challenge than ever before due to the difﬁ-
culty related to scales and scaling.
Conventional synthesis approaches have not been sat-
isfactory because of their inadequacies in engineering
microstructures of nanoﬂuids. Recently-developed one-step
chemical solution method (CSM) takes advantage of the
ability of manipulating atoms and molecules through
chemical reactions in the liquid phase. However, the dif-
ﬁculty of controlling the microscale while operating at the
macroscale is insuperable. By replacing batch-based mac-
roreactors in the CSM by continuous-ﬂow microﬂuidic
microreactors of microchannels, droplets and slugs, a novel
microﬂuidic one-step CSM is proposed for effective syn-
thesis of high-quality nanoﬂuids with controllable micro-
structures. Future research is in great demand to deﬁne the
potential of this promising synthesis technique against an
important target of controlling reactions accurately with a
rapid and precise mixing. The success of this technology
may change the way nanoﬂuids are synthesized and applied
and should also lead to progress both in creating nanoﬂuids
by design and in producing nanoﬂuids economically at a
commercial scale.
In an attempt to determine how the presence of nanopar-
ticles affects the heat conduction at the macroscale and iso-
late the mechanism responsible for the reported signiﬁcant
enhancement of thermal conductivity, a macroscale heat-
conductionmodelinnanoﬂuidsisrigorouslydeveloped.The
modelisobtainedbyscaling-upthemicroscalemodelforthe
heat conduction in the nanoparticles and in the base ﬂuids.
The approach for scaling-up is the volume averaging with
help of multiscale theorems. The result shows that the
presence of nanoparticles leads to a dual-phase-lagging heat
conduction in nanoﬂuids at the macroscale. Therefore, the
molecular physics and the microscale physics manifest
themselves as heat diffusion and thermal waves at the mac-
roscale, respectively. Depending on factors like material
properties of nanoparticles and base ﬂuids, nanoparticles’
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andinterfacialpropertiesanddynamicprocessesonparticle-
ﬂuid interfaces, the heat diffusion and thermal waves may
either enhance or counteract each other. Consequently, the
heat conduction may be enhanced or weakened by the
presence of nanoparticles. Focused efforts are required to
ﬁnd the correlation between the microscale physics and
macroscale properties based on the three closures and to
detailpropertiesofthermalwavesandhowtheyinteractwith
the heat diffusion.
Practical applications of nanoﬂuids are always with an
ultimate megascale goal to which nanoﬂuid research must
pay attention. The microstructural optimization for the best
system performance is however a very difﬁcult, unresolved
problem of inverse type. A constructal approach is thus
proposed, which is based on the constructal theory, con-
verts the inverse problem into a forward one by ﬁrst
specifying a type of microstructures and then optimizing
system performance with respect to the available freedom
within the speciﬁed type of microstructures, and enables us
to ﬁnd the constructal microstructure (the best for the
optimal system performance within the speciﬁed type of
microstructures). Such a constructal design shows, for
example, that the march toward uniformly dispersed par-
ticles in base ﬂuids not necessarily leads to an optimal
megascale performance depending on systems that use
nanoﬂuids. Our focus of future research and development
should thus be not only on nanoﬂuids themselves but also
on their systems and ultimate goals. The march toward
micro and nano scales must also be with the sobering
reminder that useful devices are always be macroscopic
and that larger and larger numbers of small-scale compo-
nents must be assembled and connected by ﬂows that keep
them alive. Clearly, an intensive effort is in great demand
to construct nanoﬂuids with respect to available freedoms
for various systems of practical applications.
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